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ABSTRACT
An experimental characterization of a commercial linear compressor was conducted using a hot-gas bypass test stand
through its operating envelope. During all tests, the following compressor measurements were recorded: compressor
mass flow rate, suction and discharge temperatures, suction and discharge pressures, intermediate pressure and temperature, and compressor power consumption. Using these measurements, the compressor performance was characterized
in terms of dimensionless performance parameters. In addition, the experimental data was used to validate a proposed
dynamic linear compressor model, which is discussed in a companion paper (Zhang et al., 2018), to assess the accuracy of the model and eventually identify the improvements required. To the end, the performance sensitivity studies
were conducted to investigate major sources of losses, magnitude of potential performance improvements. Several
conclusions were drawn for the further prototype linear compressor design.

1. INTRODUCTION
The first linear compressor concepts were proposed in Europe and Japan in the 1950s for refrigeration applications
(Dölz, 1954), but limited theoretical work was available at that time. Furthermore, no commercial linear compressor
was available at that time. In 1992, Van and Unger from Sunpower, Inc. (Van der Walt & Under, 1992) developed a
simulation model of a linear compressor in order to design a prototype and replace an existing reciprocating compressor
for domestic refrigeration. The simulation model was used to predict all stable operating conditions of the design and
the model was validated by the prototype design. Successively, the same research group from Sunpower Inc. (Van der
Walt & Unger, 1994) designed five different linear compressor prototypes in 1994 and characterized their performance
over a range of operating conditions and modulated capacities. Their work contributed significantly to the development
of the linear compressor technology. Since then, the research on linear compressors has flourished.
In recent years, LG Inc. patented and commercialized several versions of linear compressors (Lee, 2002; LG, 2002) by
utilizing the linear motor technology developed by Sunpower Inc.. Their linear compressors were installed in household refrigerators with the use of refrigerant R134a and R600a. The LG linear compressors were all oil-lubricated and
designed with the special multiple spring and damping systems (Park, 2004). It has been advertised that LG linear
compressors show better performance than conventional compressors in terms of compressor thermodynamic and motor efficiencies. Another commercialized linear compressor, i.e., Wisemotion compressor technology, was developed
by Embraco in 2008 (Embraco, 2008). The Wisemotion linear compressor was also designed for domestic refrigeration systems using the same two refrigerants as for the LG linear compressor. The Wisemotion linear compressor is an
oil-free technology and the lubrication is guaranteed by the refrigerant itself. Furthermore, special surface gas bearings
are employed for oil-free operation.
Newly proposed designs have been developed in recent years, resulting in commercialized linear compressors that have
better performance than their predecessors that never made it past the prototyping phase. Relatively little information
was reported in the literature with respect to the linear compressor modeling work based on the commercial products
and no experimental validation was found either. To have a better understanding of the linear compressor technology,
experimental validation work was conducted on a comprehensive dynamic linear compressor simulation model, de-
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veloped and presented in a companion paper (Zhang et al., 2018). Based on this experimental work, the accuracy of
the model was considered, and targets for improvement of the model were identified.
The objectives of the work presented in this paper are three-fold:
• To characterize and analyze the performance of one commercial compressor through its operating envelope;
• To obtain experimental data to be used for model validation and identify the deviation between the experimental
and modeling results and improve the model accordingly;
• To exercise the model to identify the key parameters affecting the system performance.

2. EXPERIMENTAL SETUP
A schematic of a commercially available linear compressor is shown in Figure 1 in order to describe the typical operating principle of a hermetic linear compressor. The compressor operates with a low-side shell and the suction gas flows
into the compressor shell directly after the suction tube. Some gas movement is generated within the shell to cool down
the internal components. The suction gas travels from the shell of the compressor into the suction muffler, then into
the center of the piston. The gas pushes the suction reed valve at the end of the piston, entering into the compression
chamber. Once the chamber pressure reaches the target pressure, the gas pushes the discharge plate valve away from its
seat during the discharging process, entering the muffler and discharge line. There are two opposing sets of four compression springs for a total of eight compression springs in parallel to provide the compression force as well as maintain
steady piston motion. Large spring stiffness is utilized to dominate resonance frequency and avoid non-linearity of the
springs when the compressor operates at higher pressure ratios. Piston drift is also avoided through the large spring
stiffness. A moving magnet linear motor assembly is employed and the copper coils are covered by laminations. The
piston is driven by the tubular motor and is directly connected to the permanent magnet assembly.
This commercial linear compressor (represetned in Figure 1) was tested in a hot-gas bypass compressor load stand and
R134a was used as the working fluid during the compressor performance testing. Figure 2 shows the picture of the test
stand used for the commercial linear compressor testing.

Figure 1: Schematic diagram of a commercial linear compressor.
As is shown in the Figure 2 and Figure 3, the hot-gas bypass test stand includes three pairs of needle valves, located in
the discharge line, bypass line, and liquid line, respectively. These valves serve the following control functions:
• The valves in the bypass line are used to control the suction pressure.
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Figure 2: View of the test bench for the commercial linear compressor performance characterization.
• The valves in the liquid line are used to control the superheat at the compressor inlet.
• The valves in the discharge line are used to control the discharge pressure.
Each pair of valves consists of one valve for coarse tuning and one for fine tuning. Since the commercial linear
compressor uses synthetic POE oil for lubrication, an oil separator having one inlet and two outlets was used to separate
oil that was discharged with the compressed refrigerant by the compressor. Oil flow was pushed by the high-pressure
gas in the discharge line back to the suction line by controlling the opening of a high-resolution flow orifice of the
needle valve. To avoid oil starvation, a sight glass was added to monitor oil levels in the test system and indicate if the
needle valve needed to be adjusted to permit oil flow back to the compressor.

Figure 3: Schematic diagram of a hot gas bypass test bench for the commercial linear compressor
performance chracterization.
In the test stand, temperatures are measured with T-type thermocouples with ±0.25 °C accuracy. All pressures are
measured with pressure transducers that have an accuracy of ±0.13% of full scale. A Coriolis-effect mass flow meter
24th International Compressor Engineering Conference at Purdue, July 9-12, 2018
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with a rated accuracy of ±0.1% is installed after the parallel needle valves NV01 and NV02 in the discharge line to
measure the mass flow rate of the refrigerant. Electric power consumption of the compressor is measured with a power
meter with an accuracy of ±0.1%. One tube-in-tube condenser is installed to condense the refrigerant to subcooled
liquid and one recirculating chiller is used to provide the cooling capacity in the condenser. A data acquisition system
is used to convert the incoming voltages from the measuring instrumentation to digital signals for transfer to a computer.
The computer uses a proper data reduction program for further data analysis. During the tests, the following compressor
measurements were recorded: compressor mass flow rate, suction and discharge temperatures, suction and discharge
pressures, intermediate pressure and temperature, and compressor power consumption. Using these measurements, the
compressor performance was evaluated, and the corresponding simulation model was validated.

Figure 4: P-h diagram in a hot-gas bypass test stand.
Figure 4 shows the P-h diagram of the entire cycle in the hot-gas bypass test stand. The compressor operates between
state point 1 and point 2. After that, the high-pressure gas is expanded across a set of parallel valves to an intermediate
pressure at state point 3. Then the flow is distributed into two flow lines: the bypass line and the liquid line, which
can be identified from Figure 3. In the liquid line, the refrigerant flows through one tube-in-tube condenser and is
condensed to the subcooled liquid at state point 6 where point 5 is saturated liquid point at intermediate pressure. One
thermal recirculating chiller is used to provide the cooling capacity in the condenser. The subcooled liquid is then
isenthalpically throttled to the suction state point 7. In the bypass line, two parallel valves are used to reduce the
refrigerant pressure to the compressor suction pressure at the state point 9. By controlling the ratio of these two-line
flow rates, the suction pressure as well as the superheated suction temperature (difference between point 8 and point
1) can be controlled and adjusted. The cycle is closed at the suction of the compressor (state point 1), where the liquid
line and bypass line combine.

3. EXPERIMENTAL RESULTS
The tested commercial linear compressor is designed to operate between 50 Hz and 65 Hz. The motor inverter has a
nominal frequency of 53 Hz. A test matrix was created in terms of different input frequencies and pressure ratios with
a fixed suction condition. The compressor test envelope is shown in Figure 5. By assuming that the superheat in a
refrigerator is 10 K, the suction conditions were fixed at 105 kPa and -5 °C, corresponding to an evaporating temperature
of -20 °C. The system was found to be unsteady when the pressure ratio was too high due to the non-linear behavior
in the gas spring stiffness. To signify this in the data, the matrix was divided into steady and unsteady conditions.
The critical point is when the pressure ratio is equal to 9. Four pressure ratios and five frequencies were selected with
respect to the refrigerator application. As a result, a 4 by 5 envelope was used to conduct the tests and a total of 20
points were tested and analyzed to characterize the tested linear compressor performance and the experimental results
are presented in this section.
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Figure 5: Test envelope for the commercial linear compressor performance characterization.
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The variation of power consumption as a function of input frequency is shown if Figure 6(a). Although more power
is consumed at the resonant frequency, according to the proposed simulation model, the motor runs more efficiently
at the optimal point when the maximum amount of electrical energy can be converted to mechanical energy. The
maximum piston stroke as well as the mass flow rate can be obtained accordingly. Variation of mass flow rate as a
function of input frequency for different pressure ratios can be seen in Figure 6(b). The results show that a peak occurs
at an operating frequency of 56 Hz independently from the pressure ratio imposed in the system. Such behavior is
very similar to the simulation results obtained in terms of motor efficiency variation as a function of input frequency,
shown in study (Zhang et al., 2017). It can be concluded that this operating point produces the maximum piston stroke
as well as the mass flow rate. In addition, the green curve, i.e. PR = 5, always provides the highest flow rate, which
demonstrates that the gas pressure force dominates the piston stroke, as previously discussed. Furthermore, the mass
flow rate in all operating points has a large variation range from 0.6 to 1.9 g/s.
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Figure 6: Experimental results: (a) Power consumption as a function of input frequency; (b) Mass flow rate as
a function of input frequency.
Figure 7 shows the system performance as a function input frequency of the commercial linear compressor. The overall
isentropic efficiency of the compressor is defined as Equation 1. The definition for overall isentropic efficiency takes
into account all the losses of the compressor and it is used as an overall performance metric for the compressor under
investigation. To have a better understanding of the performance of the tested linear compressor, the system COP has
been used as an indicator to evaluate compressor performance based on the measured data. The system COP is defined
by Equation 3 where Q̇cooling is given by Equation 2. By assuming that the system operates under the fixed sub-cooling
(5 K) and superheating temperatures (10 K), a simple vapor compression cycle can be generated to conduct a simple
system COP analysis.
ηo,is =

ṁmeas (hdis,s − hsuc )
Ẇin,meas
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Q̇cooling = ṁmeas (ho,evap − hi,evap )

(2)

where ho,evap denotes the enthalpy at compressor inlet and hi,evap is the inlet enthalpy of the evaporator.
COP =

Q̇cooling

(3)

Ẇin,meas
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As is seen in Figure 7(a), the overall efficiency decreases with increasing input frequency. The best overall efficiency
of 60% was found at 50 Hz input frequency when the pressure ratio is close to 5.5. The lowest overall efficiency of 25%
was found at an input frequency of 63 Hz where the compressor shows very poor performance. Therefore, it can be
concluded that different input frequencies put more limitations on the overall efficiency of the compressor concluding
that the frequency should be controlled carefully. The compressor runs more efficiently at an input frequency of 50 Hz.
Figure 7(b) shows the relationship between system COP and input frequency and the trend is similar to that in Figure
7(a). Better system performance can be obtained with lower input frequency.
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Figure 7: Experimental results: (a) Overall efficiency as a function of input frequency; (b) System COP as a
function of input frequency.
Based on the analysis of the performance parameters of the commercial linear compressor discussed above, the following conclusions can be drawn:
• The highest mass flow rate was delivered and the highest power was consumed at the resonant frequency.
• The compressor performance is highly affected by the input frequency while a trend based on pressure ratio is
not identified clearly.
• The compressor runs more efficiently at lower input frequencies.

4. MODEL VALIDATION
A comprehensive linear compressor simulation model has been developed to describe both the transient and periodicsteady behavior in a linear compressor and associated energy flows, (Zhang et al., 2018) and the commercial linear
compressor tested in this study is considered as reference geometry for this model. The model inputs are listed in Table
1, which includes the simulated operating condition and the linear compressor geometry.
A preliminary model validation was carried out to assess the accuracy of the simulation model to predict the experimental data collected from the commercial linear compressor. Figure 8(a) presents the predicted versus measured
mass flow rates. The Mean Absolute Percentage Error (MAPE) is 4.2% with all calculated points within a relative
error of ± 9%. As a general observation, the model tends to under-predict the mass flow rate at higher values, which
could indicate that the stroke could be also slightly under-predicted. Nevertheless, the overall predictions are reasonable. Different flow models will be evaluated to improve the accuracy of the overall model. The compressor power
consumption has been predicted within a relative error of ± 15% and MAPE value is 9.3%, as shown in Figure 8(b).
24th International Compressor Engineering Conference at Purdue, July 9-12, 2018
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Table 1: The inputs for the dynmaic simulation model based on a commercial linear compressor.
Description
Working Fluid
Suction Pressure
Suction Temperature
Pressure Ratio
Compressor Frequency
Piston Diameter
Piston Length
.
Suction Valve Diameter
Suction Valve Length
Suction Valve Thickness
Discharge Valve mass
Piston Mass
Spring Mass
Spring Stiffness
Clearance Gap

Parameter

Value

Unit

Psuc
Tsuc
PR
f
Dp
Lp
Ds,v
Ls,v
hs,v
md,v
Mp
Ms
ks
g

R134a
111.81
8.08
5.5
60
26.5
79.6
5.21
18.48
0.1778
4
0.632
0.164
58.66
1

kPa
°C
(-)
Hz
mm
mm
mm
mm
mm
g
kg
kg
N/mm
μm

Compared to the mass flow rate results, the power consumptions were not predicted very accurately by the model and
the potential reasons may be the simplified motor model, which was not able to account for the real performance of the
linear motor used in the commercial linear compressor. Furthermore, limited information regarding the motor inside
the compressor was obtained and the control algorithm was unknown.
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Figure 8: Simulation Model Validation based on the experimental results from one commercial linear
compressor: (a) mass flow rate; (b) power consumption.

5. PARAMETERIC DESIGN STUDY
A sensitivity analysis is carried out via a parametric study to quantify the frictional and leakage losses, which are
typically the two main sources of loss within a linear compressor. Emphasis is given to the impact of leakage gap and
oil mass fraction on the compressor performance.

24th International Compressor Engineering Conference at Purdue, July 9-12, 2018

1671, Page 8
The in-cylinder pressure variation has been obtained from the simulation model and four processes in a linear compressor, i.e., suction, compression, discharging, and expansion, can be identified from Figure 9(a). The pressure profile
was used for the parametric study as the differential pressure force on the piston, which is the key parameter to affect
the losses in a linear compressor. Figure 9(b) shows the schematic of a linear compressor piston and cylinder assembly,
which depicts the location for the leakage and frictional losses, i.e., clearance gap between the piston and cylinder wall,
in which is the same in conventional reciprocating compressors. The calculation approaches for these two transient
losses were proposed by Bradshaw (Bradshaw, 2012), and their expressions are given by Equation 4 and Equation
5. The averaged values were obtained by the method of integral of running time for the leakage loss and Root Mean
Square (RMS) method for the frictional loss, respectively. In addition, the influence of the oil lubrication on these two
losses was also analyzed in terms of the oil mass fraction factor, which is defined as the ratio between the oil mass and
the refrigerant mass calculated from Equation 6.
Ẇfri =

μo ẋ2p
g

Ap,cross

Ẇleak = Tamb ṁleak (sup − sdown ) + (
α=

Pressure [kPa]

Tamb
)ṁleak (hup − hdown )
Tdown

(5)

moil
moil + mref

(6)

Valve

600
400

(4)

Qout
g

Cylinder
Suction
Discharge

ṁ leak

Piston

P(t)

200
0
2.995

Pshell
Ffric

3.000

3.005
3.010
Time [s]
(a)

3.015

3.020

TDC

BDC

x
(b)

Figure 9: (a) Simulation result: in-cylinder pressure variation over running time; (b) Schematic of a linear
compressor piston and cylinder assembly.
Figure 10 shows the transient variation of the losses as a function of running time. Since the frictional loss is determined
by the relative movement between the piston and the cylinder wall, the higher piston velocity results in a increase of
the frictional loss during the compression and expansion processes, shown in Figure 10(a). The increasing clearance
gap, from 1 μm to 15 μm, leads to the decrement of shear force, which reduces the friction force during the piston
motion. Similar to the leakage in the conventional reciprocating compressors, higher differential pressure force, i.e.,
pressure ratio, between the compression chamber and shell chamber in a linear compressor will significantly increase
the leakage loss during the compression and discharge processes, which can be identified as a leakage loss spike from
Figure 10(b). In addition, a larger clearance gap provides more area for the leakage flow path, which corresponds to
an increase in leakage loss from the compressor. Therefore, bigger gaps reduce the friction but magnifies the leakage
losses, so a trade off exist to design the clearance gap for a linear compressor.
The averaged frictional loss as a function of the leakage gap with different oil mass fractions, ranging from 0 (pure gas)
to 1 (pure oil), is shown in Figure 11(a). It can be seen that the averaged frictional loss decreases with the increasing
clearance gap. When the clearance gap changes from 1μm to 5 μm, it is noted that there is a sharp drop in the averaged
frictional loss. Because the viscosity of the mixture of oil and refrigerant is larger than that of the refrigerant itself, the
oil-lubricated condition shows larger frictional loss as the shear force strongly relies on the flow viscosity.
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Figure 10: Performance sensitivity studies: (a) Transient frictional loss over running time; (b) Transient
leakage loss over running time.
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Figure 11(b) depicts the variation of the averaged leakage loss as a function of the clearance gap with different oil
mass fractions. It is seen that the averaged leakage loss increases significantly with the increasing clearance gap at
oil-free condition. However, with the use of oil for lubrication, the averaged leakage loss shows little dependence on
the clearance gap because the oil film can seal the leakage path to reduce the leakage mass.
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Figure 11: Performance sensitivity studies: (a) Averaged frictional loss with different clearance gaps; (b)
Averaged leakage loss with different clearance gaps.

6. CONCLUSIONS AND FUTURE WORK
In this paper, an experimental characterization of a commercial linear compressor was carried out to characterize
the compressor performance and the proposed simulation model has been validated accordingly. The performance
sensitivity studies by using the validated model were conducted to investigate major sources of losses, magnitude of
potential performance improvements. Several conclusions can be drawn from the studies presented as follows:
• The performance of the tested commercial linear compressor is highly affected by the driving frequency and runs
more efficiently at lower frequency. Besides, more flow was delivered at the resonant frequency.
• The proposed simulation model shows reasonable predictions for the mass flow rate and for the power consumption between the model predictions and the experimental results. The potential reasons behind the model
deviations were identified and some improvements were proposed.
• Oil-lubricated operation can significantly reduce the leakage loss but could lead to a slight increase of frictional
losses (or drag losses). One optimal clearance gap should be selected based on the sensitivity study from the
simulation model for the prototype linear compressor design as future work.

24th International Compressor Engineering Conference at Purdue, July 9-12, 2018

1671, Page 10
• If oil-free operation is desired for prototyping reasons, special care should be given to seal the leakage path to
reduce the leakage loss. High-pressure gas bearing may be potential solution for this issue.
• It is also noted that the eccentricity of the piston assembly would generate high frictional loss which is not
accounted in the current work and should be considered in the future study.

NOMENCLATURE
A
Cp
h
k
m
PR
P
Q̇
ρ
T
u
v
V
Ẇ
y
η

Area
Specific heat
Specific enthalpy
Thermal conductivity
Mass
Pressure
Pressure
Heat rate
Density
Temperature
Specific internal energy
Specific volume
Volume
Power
Valve displacement
Efficiency

(m2 )
(kJ/(kJ − K))
(kJ/kg)
(W/(mK))
(k)
(-)
(kPa)
(kW)
(m3 /kg)
(K)
(kJ/kg)
(m3 /kg)
(m3 )
(W)
(m)
(-)

Subscript
amb
dis
down
evap
fri
i
in
is
leak
meas
o,is
o
p
suc
ref
u

ambient
discharge
downstream
evaporator
friction
inlet
input (power)
isentropic
leakage
measure
overall isentropic
outlet
piston
suction
refrigerant
upstream
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